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WE B R IEHREE OB CRK R (FARD (ERJRBFIME (GBM) #E & Pk
FA LR Sy AL i REiE 2 R 4H 35 (TCGA)-GBM. GSE4290 Fl GSE116520 %1
YRSEHEAT Z R RIE T . N R IABURE (R 3L RIA W 25 0 1 (WGCNA) RO, IR H
Cox [ VR RURS RS20 G 346 T35 D o ) FH S 4 P RINA W0 B 0] 1 J 2 R A7 G 2 0 43 o
TCGA FINRE A EE (HPA) B FEd 7 FAH 1£ GBM HHIRIRRFIEHRHE . 741
SCHGIGUE FAH IhEREIER, JRIEATIEER 20 BT AR SO TENLH] . S55R 76 34 GBM Hdla gk
S 152 NRCEEEER (P<0.05) - WGCNA IR, Zhbaf i 5 aifg . JLmir
Iy SPEVF A ESTIMATE $E7) RN E U] (P<0.001) . SIEWAZULL, 3 MG #
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R FEMK (P<0.05) o CCK-8 LRSI R R, 5 shNC 4UMHEL, shFAH 24 GBM 4iJil
(¥ 38 5 5 PEFE AR (P<0.001) o Transwell BB HIR B AR EIR, 5 shNC AL,
shFAH HANMERIIER AR 22 50E TR (P<0.05) . Western blot £l &5 R EIR, 5 shNC 4
FHEE, shF4H 2H PI3K. p-AKT #1 p-mTOR & HEKIE/KFED (P<0.05) o &N BT HUE
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FAH promotes glioblastoma progression by activating the PI3K/AKT/mTOR
signaling pathway
Li Shihao', Zhao Bing?, Yang Tieniu', Yang Jinliang', Zhang Yongliang', Li Zhongsen',
Li Shunli!, Chen Ning!, Wang Jianbiao', Li Jia!, Ma Qingfang!
(‘Dept of Neurosurgery, Affiliated Fuyang Hospital of Anhui Medical University, Fuyang 236000;
2Dept of Neurosurgery, the Second Affiliated Hospital of Anhui Medical University, Hefei 230601)
Abstract Objective To investigate the functional role and underlying molecular mechanisms of
fumarylacetoacetate hydrolase (FAH) in the progression of glioblastoma (GBM). Methods
Differential expression analysis was performed on the TCGA-GBM, GSE4290, and GSE116520
datasets. Weighted gene co-expression network analysis (WGCNA) was used to identify key
modules, and Cox regression and risk modeling were used to screen prognostic genes. Immune
infiltration analysis of prognostic genes was carried out by using single-cell RNA sequencing
panels. The clinical expression signature of FAH in GBM was analyzed in the TCGA and HPA
databases. The functional role of FAH was validated by in vitro and in vivo experiments, and
pathway analysis was performed to explore the underlying mechanisms. Results A total of 152
overlapping genes were identified across the three GBM datasets. WGCNA revealed that the
turquoise module was most strongly associated with tumor purity, stromal score, immune score,
and ESTIMATE score (P < 0.001). Compared with normal tissues, three prognostic genes (C7SD,
FAH, and THBD) were upregulated in GBM and correlated with immune infiltration (P < 0.05).
FAH mRNA and protein levels were elevated in GBM tissues relative to normal tissues, and its
expression was significantly associated with age stratification and TP53 mutation (P < 0.05).
CCK-8 assay results showed that, compared with the shNC group, the proliferative activity of
GBM cells in the shFAH group was reduced (P < 0.001). Transwell migration and invasion assays
demonstrated that, relative to the shNC group, the numbers of migrated and invaded cells in the
shFAH group decreased (P < 0.05). Western blot analysis revealed that the protein expression
levels of PI3K, p-AKT, and p-mTOR in the shFAH group decreased compared with those in the
shNC group (P < 0.05). In vivo subcutaneous xenograft experiments further confirmed that tumor
volume and weight significantly decreased in the shF4H group compared with the shNC group (P
< 0.001). Conclusion FAH promotes GBM progression by activating the PI3K/AKT/mTOR

signaling pathway and may serve as a potential therapeutic target for GBM.
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K5 BESALIR  (glioblastoma, GBM) & HRX A 28 5 0 TR ME R 2 e v 1) 2 T2 A e
HAEKRE, REMHE. FUEZEE AN, GBM MIGREDLE R OIS, G i
WS RRER, B2 IR 2 BRI R AE R IR S4B . Li-Fraumeni 5 &1iF 255k
I DA R GBM HTEIE AL ARG 3. BEAh, IRz il b 2o 4 S R B0 10
JR AT RE 2 BN GBM MR, SR1, GBM [k A2 R EAMX L 1A% A1 B2 K] 3%
LIPS B2 L e R A= e

PI3K/AKT/mTOR {55 @E 4N AR GBM — NEEMIFAEHLE, ZaEiAiasS
BUM M A B AF R g R A, DT S R A g S g P R
(tumor immune microenvironment, TME) £ GBM #tJEH R IEEE/EH, H 5G40
MEAE AR BE R A e, B G mATT I 2 M) e, S oC R IR GBM
EERIRYTHE AL IZWE T B LA MR B2 Wi GBM Hh SGHR K T o A 5%
BN, JREAURTT FAH {E GBM 4R B T REAE I ST E R 20 FAL], e oG
PI3K/AKT/mTOR 15 5 i i IR E A o
1 MRS 75k
1.1 GBM ¥EBEK THRAMERFELERE (differentially expressed genes, DEGs) Mk M
TR FE K ZH K3 (the cancer genome atlas, TCGA) %% 153 45l GBM KEASAI 5 5t HEFEA . M
GEO ##& % (http://www.ncbi.nlm.nih.gov/geo/) ¥R T 2 /> GBM MFEHIELE, 4752
GSE116520 (GBM17 I F1%t i 8 51> F1 GSE4290 (GBM77 filAIXE 23 1) . H RiBEFH
f“limma” iR %] DEGs, EFXHMEHE1L (fold change, FC) >1.3 fil P < 0.05 {4 L
DEGs ik bnft, FC<0.77 F1 P < 0.05 2N F 1 DEGs & bs #Ee, ARG
(https://www.bioinformatics.com.cn/) 7355t 3 NEHE A o (1) 258 PR AT 8 22k L ]
AT, eSS HEHE A
1.2 AFIE5EE A\ GBM 4ilfukk US7. T98G. HS683 fl U251 (f¢5: CL-0238. CL-0583.

CL-0362 F1 CL-0237) M H RIS EFFAEMBHTER AR . B 2 4~ GBM 4iigtk SHG44



(85 YS2373C) MIEH NERRFMIL NHA (585 YS2144C) Wy H i A YAl
HAHRAT . DMEM B3 (185 C2707) . fas-ImiE (FBS, #%%5: C0251) . TRIzol
K5f ($25: RO0O16) . RIPA & f#K (175 : P0039) . PVDF JE (1% 5: FFP22) .
Matrigel (#25: C0376) . Sif YLl (185 : Y268091-100g) . BCA & FRMAF &
($85: P0012) . SDS-PAGE Jii ($%5: P0057A) . kil (Polybrene, $%%5: C0351) .
U4 7% 2% (Puromycin, 55 : ST551-10mg) . EEhRiX (85 : E0228) . 4%% % W%
(T3 : P0099) . CCK-8 ik7l& (1 5: C0038) . ECL th%# R HikFl& (k5.
POOISAS) . #T p-PI3K (%5 : AA329, 1:1 000) B T & AL ¥ EE AR 0 1L 2FE 5T %
IgGH+L) —~#1 (5 : A0208, 1:1 000) ¥ L3 = KAV R AR A& 24,
PrimeScript RT {7 & (£%5: RR037A) Fl SYBR Green FiliR¥K (%5 : RR820A) WHHH
K Takara Bio A a]; Transwell Z/N%E (T85: 3422) MH3EE Corning A Fl; it FAH (It
14928-1-AP, 1:2 000 . $T PI3BK (#5: 20584-1-AP, 1:1 000) . i p-AKT (15
80455-1-RR, 1:4 000) . $ii AKT (%5: 10176-2-AP, 1:2 000) . $T p-4EBP1 (15
81812-4-RR, 1:1 000) . #i 4EBP1 (1%%5: 13988-1-AP, 1:1 000) . Hi p-S6 (F7'5:
29223-1-AP, 1:4 0000 . $t S6 ($%5: 80208-1-RR, 1:5 000) FlHi GAPDH (1% %5
250000 M H BRI A AREIRA ] #3 FAH shRNA 1895 3 414

(shFAH) KX (shNC) 4 H Eif GenePharma /A %] ; QuantStudio™ 6 Flex i} %¢ )t

10494-1-AP,

—_—

JEHE PCR R4t (1175 4485692) W H 3= [E Applied Biosystems A 7] o

1.3 IR FEFEILRIEM LT (weighted gene co-expression network analysis, WGCNA) i
F R EFI“WGCNA™HL, XA TCGA-GBM. GSE4290 Fll GSE116520 % & 4 & ¥
TR HIT WGCNA. HBEWE N 6, LAMRR RN . BT EE M
(topological overlap matrix, TOM), K H-F¥J8EHE 2R EIERN BFFATERS, IS
PO EI SR, AR5, 8] ESTIMATE 5%k (R fl“estimate”) AR H4SR1E L [A]
(module eigengene, ME) SR 4l (tumor purity) « & ¥4 (stromal score)  HiEiF
43 (immune score) FI ESTIMATE V¥ 4; (ESTIMATE score) . 598 ¥4 5% (tumor
immune microenvironment, TME) A 54 55 55 1L A N2 13— 20 Thiae & 52 70 Mt 1 S B At
B,

1.4 ThEEEAENHT 16 Enrichr #4E % (https://maayanlab.cloud/Enrichr/) % WGCNA iR 5
() S i A RS ER A (1) R 3R AT S R A4 18 (gene ontology, GO) ‘& 4 #T, BIEAEY LR

(biological process, BP) . 4% 4> (cellular component, CC) Fl4rF I ¢ (molecular



function, MF) . [FINf, i&HEAT | # RN 5ERHHF42H (Kyoto encyclopedia of genes
and genomes, KEGG) %/ #, LA S EAENK. H R il 5 0 ggplot2”4: ik
TV BN 0 25 BEEAT AT AL

1.5 FEBEWBESERESH W TCGA-GBM R4 1 61 NICHEIER AT RAF R Cox
15537, FH “forestplot™ B2 il AR P, 54BN P . XL (hazard ratios,
HR) F1 95%E (%X [H (confidence interval, CD , VIIFAEIL S5 RAEFRKE. HE—D M
GEPIA 2 ¥#5JF (http://gepia2.cancer-pku.cn/) I8ilE 1 S8 G AH < SE K (R IE1E . FH R
W F T glmnet™ 47 i /D A US4 AT £ 51 (least absolute shrinkage and selection
operato, LASSO) [E[VA43HT, AP ETSH (O @I FET I/ MR R 2 K 10 £528 XEIE
B o AR b XU I 93K R 40 A e KR LRI XU 20 . SR Kaplan-Meier 417347 EL
BHA RS AL S AFE R (overall survival, OS) , 5 HR [ 95%CI, JHERELR P (5T
MR L. [/ R BT T H“timeROCEIEAT 1. 3 12 R E TIERHE (receiver
operating characteristic, ROC) HiZ 73 #r, FFiI5H M4 T A (under the curve, AUC) »

1.6 40/l RNA WP (scRNA-seq) Z3HT MR S Z 4 g4 (tumor immunity single
cell center, TISCH) #t#i/% (http:/tisch.comp-genomics.org/) FHLT 3 4 scRNA-seq $id 4
(GSE131928. GSE139448 fll GSE162631) . il i & hlfbadEibis, H RiEFHH
“Seurat” BTN R AER: . 1§ ] UMAP HRHIE B A “Seurat/ggplot2” A= il () /N2 32 B ]
WA CTSD FAH FI THBD TEAN R 20 28 L rp (1 ik A

1.7 BRI 4 H TIMER 548 % Chttp:/timer.cistrome.org/) 3#—40 1 GBM T i J5
FHRFE R RIA 5 G 4l MR 2 [ A S PE . K0l CTSD. FAH 1 THBD WIFRIE /K5
JELAIE (tumor purity) + B Ziffl. CD8'T Ziiffi (CD8'T cell) « CD4'T 4l (CD4'T cell) .
ELWE4RA (macrophage)  HEKIZHM (neutrophil) AR ZORZAM (dendritic cell) AIAHE
B

1.8 FAH HIRENMTA AL (immunohistochemistry, IHC) 18 i3k 1 TCGA-GBM KA
Iff) RNA W ¥ 504, /241 7 GBM FIIER WL 41 FAH [3Rik . St E T4
(transcripts per million, TPM) {EHEAT loga(TPM+1)HE# AT HuiE . MRARREA SR (I3
vs JEURMERRD |« BEER (21~40. 41~60. 61~80 F1>80 %) . MH| (B vs k) Al
TP53 RADRE (CRAL vs JERAD) FHAT WA M. N T PIIE FAH REARRE, T
ANEE A FRERE (HPA, https://www.proteinatlas.org/) T2 At K371 FAH HL8 % 15 ki 41 2R

GBM HEZABEAT THC 7047 HR4E St i 2 A0 S 2 4 i b b A 1 2 ZR0ORT g 4L 23 e ) 2R



R Ik 7K
1.9 BEREFESMERMNN MHRFEAIERERE SIS (ssGSEA) Tl FAH Rik5
PI3K/AKT/mTOR 15 5@ ¥ 2 A AR S . @KL Ak 0 4 THRHESE E (MSigDB) .
M TCGA-GBM # s HE s H R L FAH B /K-F, FER ARy TPM. #E4T BRI
PES3 T LAVE Al FAH 58 53886 & 4070 Z (B 00 THEARSC R R PAE, JRAEA R1E
T I“GSVA”Fl“ggplot2” 4 Bt & [E] A 28 i B
1.10 ZHHARSRPEARESFR A GBM 4ifatk (US7. T98G. U251. SHG44. HS683) FlIEH
NEFB M (NHA) JEERI 10% FBS. 100 U/mL H8& &AM 100 pg/mL %5 K1)
DMEM H, 7E 37 'C. 5% CO, (MBI h 85 % .
1.11 EFVIBRSER #4577 FAH shRNA P8R EA (shEAH) KBIVEXTIE (shNC) [
U87 F1 T98G 4H/fd. 7E polybrene (8 pg/mL) f77E FIoRB I ER, MHEBREZR (2
pg/mL) ik 7d, ESZAEE R FAH JUERANHE &
1.12 RNA REUK £ B2k PCR (quantitative real-time PCR, gPCR) SE% 1 ] TRIzol i
FSEEUE RNA, FEHA PrimeScript RT RFI &7 85 . 1 SYBR Green THVRRTE
QuantStudio™ 6 Flex 5Zif PCR £4t Fi#4T qPCR. &3 ZAME: 95 C. 30s, BEJG 40 MEH
(95 °C. 58, 60 'Cy 30 s) , FEHEATIEAR 2 B LABA 51 40Rs 5% . L GAPDHAE N
Z, i 228 Rkt AN RIA E. FAH 1EA5]%) 5°-CTCTCCGCACGCCACCTTAG-3’,
& 83 ¥ 5-GCCAATGGCCACACCTATCC-3’. GAPDH 1E [ 5 4  5-
CTAGCTGGCCCGATTTCTCC-3’, &Ia 5|4 5°-ATGGAATTTGCCATGGGTGG-3’»
1.13 Western blot SE% Al 1IN 1 & & B AN BERR A 77U H) RIPA 24 S22 IS 8 A
fiEH BCA sEEMERA G EEAWRE. WEENEH, £ 10% SDS-PAGE MK/ &
JHA% %2 PVDF & E. 5% FE MG, RS U —50 (Fi FAH. $it p-PI3K. #T
PI3K. $T p-AKT. it AKT. P p-4EBP1. i 4EBP1. #i p-S6. i S6. #i GAPDH) £ 4 C
MEE R A 5 (HRP BB RbiAs) E5IE FHAE 1 h. [ ECL ARG
FIGN A 2T BEAT TG, I Tmage) FRAFEAT 5 4017 o
1.14 20 FEAGI A CCK-8 7 &Ml S 4n g 5E . K UST 1 T98G 4l (2 x 10341/
L BRT 96 FLtk . TEFRERT A (55 1~5 K , &AL I 10 pL CCK-8 ¥,
FFAE 37 ‘CTFIEE 2 ho BRI 450 nm ARG .
1.15 ZHfUERAR AN 4 H Transwell NE (FL4% 8 pm) PHAGAHMZZEFILR . (R285%
b, L=ETEM Matrigel, TR TNILT Matrigel. K 5 x 10% AR T 0 MLIE 1



FEAE, IS 10% FBS REFREEIMAN T BT, 24 h5, ITBEURZRE TR
AN 4%2 KPR T, 0.1%4 Mm%, JERME M it

1.16 BB RMEBEMEAE Mt BALB/c #E (4~6 R, 18~20 g WIHTLAERZ LY
RHEE A IRA . KRS E FE Y% shNC B8 shFAH (1) UST 41M (5x10%) J7 FyESH 2/ BUiE
(B 6 ) o B 3 d FIRRIIE—XIME R, MREBIHE ARy (Kx%2) /2. 28 d
JG, R TR NIEARSE N, SR JE AT SMECAL, DIRRIR, FREIFIR. BT E)
YIS 1) RS U R R S sh P B F &= A S Ottt (bdES: LLSC20230730)
117 SHAE Jrf Siit AW GraphPad Prism 8.0 A1 R 8 (A 4.0.3) 34T
HAEAE D 3 POMST S (P bR (X+S) Fon. WAL 2R KA Student’s 7 £
B, LI HECR AR R T Z 0 (ANOVA) F1 Tukey g KM . 277 i 28 K A
Kaplan-Meier J77:4:H, FFRHXBRGREEAT L. HR 1 95%CI KR BERREMZ KR
Cox [AHZHTit 5. P<0.05 AZERA G5 L.

2 R

2.1 GBM FREMRERMERMINEERINT X 31> GBM HXHHEE (TCGA-GBM,
GSE4290 A1 GSE116520) #t47 7 Z Rk M. KILEER, SMEEEPFAEREDR
FRATN AR (K 1A-10) « HF, TCGA-GBM ¥iEENH 5 434 ANEH iR, 3
824 NMER T (K 1A) : GSE4290 st 2 241 AN B, 1200 MERE T (&
1B) ; GSE116520 ¥¥i&EF 1 633 MEEH i, 1 189 NMER T (B 10 . 4EBESy
Mrigos, 163 MEdRERSEH 146 M ES TIHERAM 6 M EE LIAKR (K 1D,
BE— A HET WGCNA W58 GBM AHGHER L RIA . BEBHBER A 6, LLRIEM 45
FET RG] 2A) o RIREREZESITRGIH 2 AR, I OO R I il
K, DINESE GBI TR X S LA AE G R 5 550 5 3 A0 2RI 5
P REEEE (K3D) .



B 1 31 GBM $HEEH K DEGs
Fig.1 Differentially expressed genes in three GBM datasets
A: Volcano plot of the TCGA-GBM dataset; Red dots indicate upregulated genes, blue dots
indicate downregulated genes, and gray dots indicate non-significant genes; B: Volcano plot of the
GSE4290 dataset; C: Volcano plot of the GSE116520 dataset; D: Venn diagram showing
overlapping upregulated genes in three datasets; E: Venn diagram showing overlapping

downregulated genes in three datasets.

B2 34 GBM a4 th 32 AR5 BRI K IR R 3L RIS M 48 A7
Fig.2 Weighted gene co-expression network analysis of the intersection genes in three GBM
datasets
A: Scale-free topological fit index at different soft-threshold powers; B: Mean connectivity at
different soft-threshold powers; The threshold power was selected as 6; C: Gene dendrogram and

module assignment determined by dynamic tree cutting; D: Heatmap of module-trait relationships.



B 3 SiaAERF 61 NMEFEKTHERE £
Fig.3 Functional enrichment analysis of the 61 genes in the turquoise module

A-C: Gene Ontology enrichment of the 61 genes in the three categories of biological process,
cellular component, and molecular function; D: Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis; The dot size represents the number of genes, and the color intensity
indicates the significance level.
2.2 GBM TG RBEF LR KHBKE Cox [RIHI 0 S Fa A B A ) 61 AN JE DK 1
ITHRIZR Cox 4hT, Z9LEoR, 5/ANER (HK3TH. BD. CTSD. FAHH FCN3) I 45
REONEE (HR> 1) (H 4A) . GEPIA M /E#riss, CTSD. FAH. HK3 R THBD
7 GBMy FEAR LI (P <0.05) , 1 FCN3 RIEEZR TG TR (K 4B-4F) . #—
AXX 4 TGS E AT LASSO Cox [mIJA70 41, R4 4 i/ ME (lambda.min=0.051 7) ,
73T Riskscore = (0.0046)x THBD+(0.4169)x CTSD+(0.0822)x FAH [T 5 MU A= 7Y (&
5A. 5B) o MRAETAOL AR, BE B R K AR A o XURG P A AE A RS 1
SATEIR, P REEZESR (P =0.001 62) , HE KR FIX 3 ANEEFE M REKFER
(B 5C) o RS, @R EE S AR TR A S-S (HR =179, P =
0.001 62; & 5D) . ROC HiZRAHHESE T A T HEmE, 1 F4EAEK AUC A



0.725, 3 FEATEZMK AUCE N 0.698 (& 5E) &

&l 4 GBM H i R B TS 2 Hr AR IE ik
Fig.4 Prognostic analysis and expression validation of candidate genes in GBM
A: Forest plot of univariate Cox regression analysis showing the P values, hazard ratios (HRs),
and 95% confidence intervals (CIs) for candidate genes; B-F: Expression levels of CTSD, FAH,
FCN3, HK3, and THBD in GBM samples (#=163) and normal samples (n=207) using the GEPIA

database; a: GBM; b: NOR; “P<0.05 vs normal samples.



B 5 GBM Fija RSB AL fHy s
Fig.5 Construction of a prognostic risk model for GBM

A: LASSO regression coefficient curves for candidate prognostic genes; B: Ten-fold cross-
validation was used to select the optimal penalty parameter (A) in the LASSO Cox regression
mode; C: Risk score distribution, survival status, and expression heatmap for the three genes
(FAH, HK3, and THBD); D: Kaplan-Meier survival analysis of overall survival in high-risk and
low-risk groups; E: Time-dependent receiver operating characteristic (ROC) curves assessing the
predictive performance of the risk model for 1- and 3-year overall survival.
2.3 GBM HISEHFHEEREREHER *F TISCH FiFEf 3 5 GBM AHRI H40 1
RNA JIl 544 % GSE131928. GSE139448 Fll GSE162631 #EAT 43T, LAVFAL MR oA 5

(tumor microenvironment, TME) "' CTSD. FAH fl THBD [FRiEfE L. A5 8 FiF 2

PRI GSE131928 ¥i#E4Erd, CTSD. FAH f1 THBD {EiX ook B b Ih £k (&



6A) . TEGLE A MR GSE139448 il tirl, CTSD M FAH 32 HEAE TR 20 M Al 4 92
GMhE 4, T THBD WIRBMMHG (B 6B) o TEME 5 B3 ZAl M 2B Y
GSE162631 $#fi%E+, CTSD. FAH 1 THBD ¥J{E B4R fuisaifu it b ik (B 60)
B 7 B RR T 3 NS X S PR RS [F AR B 28 A P /K. CTSD 78— S8k 4
PR AN M R R R S A, FAH fE B/ E AN . RE RN R Rik, i THBD W&
SELE N B R A% 2 e R

B 6 GBM ¥ Tl 5 2 B Rk R X

Fig.6 Expression patterns of prognostic genes in the GBM microenvironment

A: UMAP plots showing the expression distribution of CTSD, FAH, and THBD across eight
major cell types from the GSE131928 dataset; B: UMAP plots of four major cell types in the
GSE139448 dataset and the expression patterns of CTSD, FAH, and THBD across different cell
types; C: UMAP plots of five major cell types in the GSE162631 dataset and the expression of
CTSD, FAH, and THBD across different cell clusters; a: CTSD; b: FAH; ¢c: THBD.



B 7 BUsZEEA RZHREF K010

Fig.7 Distribution of prognostic genes across different cell types
A: Violin plots of the expression patterns of CTSD, FAH, and THBD in eight cell types (AC-like
Malignant, CD8Tex, MES-like Malignant, Malignant, Mono/Macro, NPC-like Malignant, OPC-
like Malignant, Oligodendrocyte) from the GSE131928 dataset. B: Violin plots of the expression
patterns of CTSD, FAH, and THBD in four cell types (Endothelial, Malignant, Mast, Mono/Macro)
from the GSE139448 dataset. C: Violin plots of the expression patterns of CTSD, FAH, and THBD
in five cell types (CDS8T, Endothelial, Microglia, Mono/Macro, Mural cell) from the GSE162631
dataset.

2.4 GBM HEERE S50 MBREIIMAXMESPT TIMER £4E R 7 T GBM H fiia 5
K 21k 5 o e A IR 7K P 2 [ (AR G . CTSD RIS SR 4l . CD8™ T il 2 Ak
(P <0.05) , 5 CD4" THME. IERIANHIATH FORGNE 2 IEM R (P < 0.05, K 8A)
FAH RIE5MELEEEA CDS' T AL 251 AHK (P <0.05) , 5 CD4' T4, Eg4ufg. +
PERLAH FATA SR 20 M 2 IEAROG (P < 0.05) (K| 8B) o Jeflith, THBD [MRIL 54l
JEAT CDS' T Al 2 A% (P <0.05) 5 5 PERIAN AT SRR A1 £ IR (P < 0.05)

([ 8C) . ixuesE BLLH] 3 NS LK (CTSD. FAH F1 THBD) 5 GBM PR+ 4
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Fig.8 Correlation between prognostic gene expression and immune infiltration in GBM

A-C: Correlations between CTSD, FAH, and THBD expression and tumor purity, B cells, CD8* T
cells, CD4" T cells, macrophages, neutrophils, and dendritic cells, respectively, examined using
the TIMER database. Scatter plots show correlation coefficients and P values.
2.5 FAH7E GBM FRIRIERHMESHT N T IRR FAH KIRRASCHE, (/] TCGA Hfi 4k
W7 HAEARF GBM B WA h ) RIETE L. FAH {EJ5 R M GBM 441 i 3R05 & T 1E 5 i
A (P<0.001, KA o DFERIZIPEREY, FAHEAFRFEAL (21~40, 41~60,
61~80 FI>80 %) wifpsk il (P <0.05, K 9B) . BtAh, SIEWAZUHLL, TRk
GBM B[] FAH k¥ (P < 0.001) , (i B GBM Bt FAH R TG
EZR (K 9C) . TP53 KA TP53 dERAMN FAH FiX/KFH & TIEFHHA (P<
0.001) , H TP53 RAMEHH) FAH Fikkm (P<0.05, EI9D) o HPA Hdfs o [
P bt — s, H5IEWMALUEL, GBM HZH FAH EEEFREE M (B 9B) . X
SLZERRY], FAHAE GBM Rk, JFAlAeS IRt A oG



B9 FAH 7E GBM H G RBIERHMESAT
Fig.9 Analysis of the clinical expression characteristics of FAH in GBM
A: Boxplot showing FAH expression in normal brain tissue and primary GBM samples; B: FAH
expression in different age groups (21-40 years, 41-60 years, 61-80 years, and >80 years); C: FAH
expression in male and female patients and normal tissue; D: FAH expression in GBM tissue with
and without TP53 mutations; E: Representative immunohistochemistry (IHC) images showing

Heokk

FAH protein expression in normal brain and GBM tissue; *P<0.05, **P<0.001 vs Normal group;
#P<0.05 vs TP53-mutant group; ¥4P<0.01 vs 21 - 40 Yrs group; *P<0.05 vs 41-60 Yrs group.

2.6 FAH YLERY GBM 4HAE . IEBNRREE/IHIRNT Y 1 I0IE FAH /£ GBM H [1EU#
1, ARSI sE G EIE qPCR A1 Western blot 38T 7 FAH IRIA. S5RE/R, HIEH

NERRAE NHAM L, GBM 4 R 1) FAH FixFE, JLHZATE US7 F1 T98G 4



MERR kRS (P < 0.05, Kl 10A-10C) . 187 shRNA JIBR 7 US7 F1 T98G ZHfE
) FAH #i5J5, qPCR Al Western blot SJiESE FAH 7 mRNA Al A F /K A Sk
(P <0.05, & 10D-F) . CCK-8 friligi R, 5 shNC 4AHLL, shF4H 2H U87 Hl T9’G
AR RS BT EPEAS, PR Z R AA SR L (P < 0.001, & 10G. 10H) . [A
Ff, Transwell SC30K B, shFAH AT AR ZEHE DT shNC 4, EZRBEAGIHFE X
(P <005 KWI1IA-D) . FRERILR, FAH RIE TS GBM Jitbsg LT f 12 2868 1
RIREAICA %
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Fig.10 FAH expression in GBM cell lines and its effects on cell proliferation
A: gPCR analysis of FAH mRNA expression in normal human astrocytes (NHA) and GBM cell
lines (U87, HS683, U251, T98G, and SHG44); B: Western blot analysis of FAH protein levels in
NHA and GBM cell lines; C: Quantitative expression of FAH protein, using GAPDH as an
internal control; D-F: Validation of F4H knockdown efficiency in U87 and T98G cells by qPCR
and Western blot; G,H: CCK-8 assays showing changes in U87 and T98G cell proliferation after
FAH knockdown; a: NHA group; b: U87 group; c: HS683 group; d: U251 group; e: T98G group; f:
SHG44 group; “P<0.05, *P<0.001, ***P<0.000 1 vs NHA group; “P<0.05, #*P<0.001 vs shNC

group.
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Fig.11 FAH knockdown inhibited the invasion and migration of GBM cell

A: Representative images of transwell invasion assays of U87 and T98G cells transfected with
shNC or shFAH; Scale bar = 50 um; B: Quantitative analysis of the number of invasive cells
showed a significant decrease in invasive cell numbers after FAH knockdown; C: Representative
images of migration assays of U87 and T98G cells; Scale bar = 50 um; D: Quantitative analysis of
migrating cells showed that FAH knockdown significantly inhibited GBM cell migration; a: U87
group; b: T98G group; “P<0.05 vs shNC group.

2.7 FAH ##% GBM FH) PI3K/AKT/mTOR {5 5@ PI3K/Akt/mTOR {55 5@ & GBM
RAERBHZOIEFE. ZBEAEES GBM ARWUEBEMG, H ST (b
A Akt. mTOR) AMENBET GRS N TR FAH N FEURER RS THLE], @
HEESMT R FAH RI1X5 PIBK/AKT/mTOR 155 @ BE 2 IEAHDE (HCRE =0.409,
P=1.54e-07; B 12A) . HULTN—%, Western blot r#T8x, 5 shNC AL, shFAH
/H GBM 4Hiffi 7 p-PI3K. p-AKT. p-4EBP1 Fll p-S6 7K FF#EK (P <0.05) , TjiXEEsr 11
HAKFRFEAL CE O 12B-12F) o XL LR W, F4H 20 H o8 o B

PI3K/AKT/mTOR 155 @ KA 1 GBM i3 &
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Fig.12 FAH regulateed the PI3K/AKT/mTOR signaling pathway

A: Spearman correlation analysis between FAH gene expression and the PI3K/AKT/mTOR
signaling pathway. B: Western blot analysis of phosphorylated and total PI3K, AKT, 4EBP1, and
S6 proteins in U887 and T98G cells after FAH knockdown. C-F: Quantitative analysis of
phosphorylated PI3K, AKT, 4EBP1, and S6 protein expression; a: U87 group; b: T98G group;
*P<0.05 vs shNC group.

2.8 FAH RUEFTRERAN GBM MBAK Oy it —BIE FAH fEANEUREIER, fEH]
FarE¥e 4t shFAH B shNC [ U7 UM 37 1 Mt/ AR . 5 shNC 4UALL, FAH 3T
ER A0 A 25 7 e A R R B R eE (8] 13A) o RS TEN, shFEAH ZH iR 5 & A i
FIRBU/NT shNC 21 (P <0.001, B 13B. 13C) o XEE4E FUIEW] T UTER FAH 1544 A 0
GBM R
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Fig.13 Knockdown of FAH reduced the size and weight of GBM tumors in vivo



A: Representative images of xenograft tumors derived from U87 cells transfected with shNC or
shFAH; B: Tumor weight analysis showing significantly lower tumor burden in the shFAH group
compared with shNC; C: Tumor volume measurements confirming that FAH knockdown
markedly inhibited tumor growth in vivo; a: SANC group; b: shFAH group; =P < 0.001 vs shNC
group.
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AT, WA T TCGA M GEO #dla 4k, LIS GBM 3R AH 5 i e e A e 5
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TE AR DY 0 ) FC 2% T 4 o) R AR K o 1 — B SR EGE S FAH & /b 43l I B0
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ERBRREEEER. Flan, BFFERE CTSD RdliE e [ kR GBM 41
BURBURMET . CTSD M FiE T 30 GBM BEM TS, LR mILR . (=2ER
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macrophages and microglia, TAMs) #ilE5E/2& GBM [ EZ s ifiuit, =50 fl. ®
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